Primary human somatic cells grown in culture divide a finite number of times, exhibiting progressive changes in metabolism and morphology before cessation of cycling. This telomere-initiated cellular senescence occurs because cells have halted production of telomerase, a DNA polymerase required for stabilization of chromosome ends. Telomerase-deficient Saccharomyces cerevisiae cells undergo a similar process, with most cells arresting growth after approximately 60 generations. In the current study we demonstrate that senescence is largely reversible. Reactivation of telomerase (EST2) expression in the growth-arrested cells led to resumption of cycling and reversal of senescent cell characteristics. Rescue was also observed after mating of senescent haploid cells with telomerase-proficient cells to form stable diploids. Although senescence was reversible in DNA damage checkpoint response mutants (mec3 and/or rad24 cells), survival of recombination-defective rad52 mutants remained low after telomerase reactivation. Telomere lengths in rescued est2 cells were initially half those of wildtype cells, but could be restored to normal by propagation for ∼70 generations in the presence of telomerase. These results place limitations on possible models for senescence and indicate that most cells, despite gross morphological changes and short, resected telomeres, do not experience lethal DNA damage and become irreversibly committed to death.
Introduction
The ends of chromosomes in most eukaryotic cells are protected by specialized structures called telomeres, which consist of an array of short repeated DNA sequences bound by specific telomere and chromatin-associated proteins. Human telomeres contain repeats of the hexanucleotide sequence TTAGGG and most other eukaryotes have a similar repeat motif [1, 2] . Stable maintenance of chromosome ends requires the presence of telomerase, which is a telomere-specific, RNA-dependent DNA polymerase [1, [3] [4] [5] . Telomerase is required to overcome the "end-replication problem" in dividing cells, which arises because replication by the major DNA polymerases cannot complete synthesis of the lagging strands at the ends of linear chromosomes.
Cells within most human tissues halt production of telomerase shortly after differentiation and subsequently experience progressive loss of DNA from chromosome ends [1, 6] . As a consequence, most cells within older humans have shorter telomeres than those of younger individuals. The precise role of telomere shortening in organismal aging remains unknown, but several studies have associated shorter-than-average telomeric repeats in aged humans with increased risk of mortality and age-associated disease [7] [8] [9] [10] . Consistent with the idea that telomere shortening impacts aging, constitutive expression of telomerase in mice was found to increase median lifespans [11] .
The time-dependent shortening at chromosome ends has been incorporated into models of human carcinogenesis in two different ways. First, telomere shortening has been interpreted positively based on its ability to limit cell division and act as a tumor suppression mechanism. In contrast to normal somatic cells, approximately 90% of human cancer cells have acquired mutations resulting in expression of telomerase and their chromosome ends are relatively stable. This critical metabolic alteration provides an explanation for why most cancer cells become immortal, though some cancer cells appear to use an alternative mechanism involving homologous recombination between telomeres [1, 12] . Other studies have suggested that shortened telomeres may actually promote chromosome instability and carcinogenesis. For example, formation of shortened, dysfunctional telomeres was found to be an early event in development of prostate cancer [13] and telomerase knockout mice with shortened telomeres have an increased incidence of some cancers [14] . A possible explanation for increased chromosome instability caused by shortened telomeres is that the DNA ends lose their protective protein caps, undergo nuclease degradation and become highly reactive. Eventual loss of telomereassociated protein complexes may cause the cell to interpret the exposed ends as a form of DNA damage and activate checkpoint and/or apoptosis-type responses [15] [16] [17] . Broken DNA ends are known to be hotspots for induction of recombination and mutation, possibly explaining why shortened chromosome ends promote such events [18] [19] [20] .
Aging studies have been aided by the demonstration that normal, telomerase-deficient, somatic human cells grown in culture undergo many of the changes seen in cells isolated from aging humans. For example, primary human fibroblasts typically grow in tissue culture for approximately 50 cell divisions, during which time they accumulate morphological and biochemical changes that ultimately lead to replicative senescence, also called telomere-initiated cellular senescence or in vitro cell aging [21] . The senescence of fibroblasts (loss of ability to grow in culture) can be averted if human telomerase (hTERT) is ectopically expressed, which demonstrates that telomere shortening is the primary cause of replicative senescence. However, oxidative damage to telomeric DNA can also play an important role in determining senescence kinetics [21] [22] [23] .
The precise relationship between replicative senescence observed in cell culture and natural human and animal aging is a subject of much debate. In both intact organisms and in cultured cells progressive telomere shortening occurs, cell stress responses are elevated, and intracellular levels of both iron and oxidative byproducts become increased with age (passage) [6, 15, 21, 24, 25] . Cells with many of the characteristics of senescent cells have been found in the tissues of aged animals, accounting for between 1% and 15% of the total cell population in different reports. Such cells are detectable at higher levels in older animals than in younger ones [21, 26, 27] , another indication that the study of senescence of cultured cells has relevance to in vivo aging.
A similar process of replicative senescence with associated telomere shortening is observed in cultured cells of other organisms, including telomerase-defective cells of the widely studied model eukaryote Saccharomyces cerevisiae (budding yeast) [28] [29] [30] . Yeast cells produce a telomerase complex analogous to human telomerase that is composed of both RNA and protein subunits. These components include Est1, Est2 (the polymerase subunit), Est3 and TLC1, which is the RNA subunit [31] . TLC1 RNA contains an internal 17 nucleotide sequence (CACCACACCCACACACA) that is used as a template by the enzyme to synthesize new telomeric DNA repeats. The essential telomere-associated protein Cdc13 is also critical for telomerase function in vivo [31] . Inactivation of EST1, EST2, EST3 or TLC1 leads to progressive telomere shortening, degradation of DNA ends by Exo1 and possibly other nucleases, gross cell enlargement and loss of growth capability after approximately 60 cell divisions [29, 30, 32] . During senescence in liquid culture most yeast cells also undergo cell cycle arrest in G 2 phase that is dependent upon the checkpoint genes MEC3, RAD24 and a subset of other genes known to be involved in normal DNA damage responses [29, 30] . Interestingly, although telomerase-deficient cells that also have the checkpoint genes MEC3 and RAD24 inactivated do not arrest strongly in G 2 , they still undergo senescence (loss of growth capability). Senescence kinetics is also dependent on functional DNA repair genes, especially the RAD52 group of homologous recombination genes [28, [33] [34] [35] . Rare cells called survivors that bypass senescence have been detected in aging yeast cell cultures. Mechanisms for producing such telomerase-independent survivors include epigenetic effects leading to elevation of recombination between telomeric repeats, circularization of chromosomes to eliminate all ends (observed in fission yeast), and an unusual mechanism detected in rad52 exo1 mutants that involves formation of expanded palindromes near chromosome ends [34, [36] [37] [38] ].
In the current study we have expanded the utility of the yeast model for studying cellular senescence by placing expression of the EST2 polymerase subunit under control of a modified galactose-inducible promoter (GAL1-V10) that has unusually low basal expression when cells are grown in glucose media [39] . Using this system we demonstrate that nondividing senescent cells can be rescued by reactivation of telomerase expression and also by mating with telomerase-proficient non-senescent cells to form stable diploids. Rescue by telomerase reactivation was also analyzed in mutants defective in DNA damage checkpoint responses and homologous recombination. The results indicate that, although yeast cells undergo many morphologic and DNA metabolic changes during telomere-initiated senescence, they do not become irreversibly committed to cell death.
Materials and methods

Reagents used for DNA manipulation and growth of yeast cells
d-(+)-Glucose and ampicillin were purchased from Sigma-Aldrich. Galactose was acquired from Ferro Pfanstiehl Laboratories, Inc. or from Sigma-Aldrich. Restriction enzymes and T4 DNA ligase were purchased from New England Biolabs. Taq Plus Long DNA polymerase was purchased from Stratagene and ExTaq was from Takara Bio Inc. Shrimp alkaline phosphatase (SAP) was purchased from US Biological. 5-Fluoroorotic acid (5-FOA) was obtained from ZymoResearch.
For nonselective propagation, yeast cells were grown on YPDA (rich) media (1% bacto yeast extract, 2% bacto peptone, 2% glucose, 0.002% adenine, and 2% bacto agar). For plasmid selection, cells were grown on synthetic media with drop-out mix (2% glucose or 2% galactose, 2% bacto agar, plus all essential nutrients minus amino acids or bases used for selection). Hygromycin B (HygB) (Calbiochem-EMD Biosciences) and G418 sulfate (Cellgro-Mediatech) plates were prepared using 250 g/ml and 200 g/ml concentrations, respectively. Nourseothricin (Nat) (WERNER BioAgents) antibiotic plates were prepared using 120 g/ml concentrations.
Yeast transformations were performed using either the high efficiency method described by Gietz and Woods [40] or the rapid DMSO-based transformation method of Soni et al. [41] . Chromosomal DNA purifications were accomplished using MasterPure Yeast DNA Purification Kits (Epicentre) and plasmid DNA was purified by boiling lysis as described [42] .
Strains and plasmids
The parent strain used for these studies was BY4742 (MAT˛ his3 1 leu2 0 lys2 0 ura3 0) [43] . The est2 − strain utilized in the assays was YLKL803 (BY4742, est2 ::HygB r containing plasmid pLKL82Y [CEN/ARS URA3 GAL1-V10p::EST2]). YLKL807 (est2 ::HygB r rad52 ::G418 r ) was created from YLKL803 by PCR fragment-mediated gene disruption-deletion. Checkpoint-deficient strains were YLKL840 (est2 ::HygB r rad24 ::G418 r ), YLKL841 (est2 ::HygB r mec3 ::G418 r ), and YLKL844 (est2 ::HygB r rad24 ::G418 r mec3 ::Nat r ). Mating assays were performed using laboratory strain YLKL701 (MATa ade5).
pLKL82Y was created by PCR amplification of the EST2 gene from plasmid pVL999 (ADH1p::EST2) [44] using primers XbaEst2 (37mer) and BamEst2 (38mer) (sequences available on request) and Taq Plus Long DNA polymerase, followed by digestion with XbaI and BamHI and ligation with pLKL81Y that had been cut with XbaI and BamHI and phosphatased with SAP. pLKL81Y contains the GAL1-V10 promoter cloned into pRS316 (CEN/ARS URA3) [39, 45] .
Liquid and plate-based senescence assays
Liquid culture senescence assays were performed as previously described with slight modification [33, 46] . Briefly, YLKL803 cells were picked from fresh synthetic galactose plates without uracil, counted microscopically by hemacytometer, and inoculated into synthetic or rich glucose liquid media in tall glass tubes at 50,000 cells/ml. After shaking 24 h at 30 • C, cell titers were measured and new 5 ml cultures were initiated by inoculation of cells from the first culture at 50,000 cells/ml. Overnight cultures were used to start new cultures repeatedly for up to 8 days. Five replicate cultures were tested for each strain and the results were averaged. To analyze cell cycling, aliquots of the daily liquid cultures were diluted, sonicated, and analyzed by phase contrast microscopy. Unbudded cells were classified as G 1 phase, cells with small buds as S phase, and cells with large buds were in G 2 or M phase (primarily G 2 ) [47] . Large-budded cells were defined microscopically as cells with buds that were greater than 50% of the size of the mother cell. Cell survival was assessed by making dilutions of each 24 h culture and spreading appropriate volumes onto rich or selective plates. The spread plates were incubated at 30 • C for 4-6 days. rad52 mutants were incubated for longer times because they grow more slowly than wt cells. Colonies on each plate were counted and plating efficiencies were calculated. Plating efficiency was defined as the titer (cells/ml) determined from colonies divided by the titer determined microscopically using a hemacytometer.
For plate senescence assays, cells were streaked from synthetic galactose plates without uracil onto synthetic glucose plates lacking uracil essentially as previously described [34] . After incubation at 30 • C for 3 days, cells divided approximately 20 times and formed colonies. Individual colonies were picked and restreaked onto fresh plates and incubated at 30 • C as before. This process was repeated until senescence (loss of ability to grow) was observed. The senescent phenotype was visible by the fourth streak in est2 cells (∼60 generations) and by the third streak (∼40 generations) in certain DNA repair mutants such as rad52 cells.
EST2 reactivation experiments were performed by streaking est2 cells containing the GAL1-V10::EST2 plasmid pLKL82Y from synthetic galactose plates to glucose plates as described above for the plate senescence assays except that the third streak was allowed to grow four days to ensure that almost all cells had stopped dividing. From the third streak plates, colonies were harvested, diluted, sonicated and counted. Dilutions were spread separately to synthetic glucose and galactose plates without uracil or to YPDA and YPGalactose plates. Reactivation experiments involving recombination-defective strains (est2 rad52) and checkpoint single and double mutants (est2 mec3, est2 rad24, and est2 mec3 rad24) were performed similarly.
Rescue of cellular senescence by mating
To determine if senescent cells could be rescued by mating, senescent MAT˛ est2 cells or control EST2 cells were harvested into 2 ml YPDA broth. After incubation for 60 min at 30 • C to allow the cells to resume growth, cells were diluted, sonicated and counted using a hemacytometer. For mating of YLKL803 (MAT˛ est2) with YLKL701 (MATa EST2) and BY4742 (MAT˛ EST2) with YLKL701, equal amounts of cells were inoculated into YPDA broth in a tissue culture flask. The mating period was optimized empirically (from 0.5 to 6 h) and lasted 120 min at 30 • C. Cells were then diluted and spread to either galactose plates without uracil or to diploid selective plates (glucose minus leu, his, trp, and ade) to detect diploids. The rescue efficiency was calculated by measuring plating efficiencies (the number of cells/ml based on colonies formed on selective plates divided by the number of cells/ml in the culture counted microscopically).
Plate holding experiments
Wildtype, est2 and est2 mec3 rad24 cells (BY4742, YLKL803 and YLKL844) were streaked onto glucose plates for first and second streaks as before (approximately 40 generations total growth). Seven colonies were harvested into 500 l H 2 O, counted, and spread to a third glucose plate in order to obtain well separated colonies and to complete ∼60 generations. After incubation of these plates for 3 days at 30 • C, seven of the resulting colonies were harvested into 500 l H 2 O, diluted and spread to galactose plates without uracil to measure rescue by telomerase reactivation and to glucose minus uracil plates to confirm senescence. These third glucose growth plates containing unpicked colonies were then returned to 30 • C. Seven more colonies were harvested from the plates and spread to galactose and glucose plates 2, 4, 6 and 8 days later, and the original colony plates were returned to 30 • C immediately after harvesting at each timepoint. Plating efficiencies were reported as averages + standard deviations from 7 samples at each timepoint.
Southern blot hybridization experiments
Assays used a non-radioactive digoxigenin (DIG)-based system from Roche Diagnostics (DIG High Prime DNA Labeling and Detection Kit II). Telomere-specific DNA probes for Southern analysis were synthesized by PCR using plasmid YTCA-1 [48] with M13 forward and M13 reverse primers plus digoxigenin-11-dUTP as recommended by the manufacturer. Chromosomal DNA was digested with XhoI and 1 g DNA separated on 1.2% agarose gels run in 1× TBE buffer. After gel electrophoresis, DNAs were transferred to an N+ Hybond membrane (Amersham Pharmacia) and crosslinked with a UV-Stratalinker 2400 (Stratagene) at 120,000 J for 20 s. Hybridization and detection were performed as recommended by Roche using anti-DIG-AP conjugate and disodium 3-(4-methoxyspiro{1,2-dioxetane-3,2 -(5 -chloro)tricyclo[3,3.1.13.7]decan}-4-yl) phenyl phosphate (CSPD) for chemiluminescent detection. Telomere fragment sizes were calculated by measuring the distance traveled by the broad, fastestmigrating telomere band in each blot relative to standard fragments of known size (DIG-labelled DNA Marker III standards -Roche Diagnostics). Three separate gels and blots were performed and the results were averaged.
Results
Use of the GAL1-V10 promoter to regulate telomerase expression and study senescence
A major objective of this work was to develop a system that allowed precise modulation of telomerase expression for analysis of cellular senescence within yeast cells. This was accomplished by creation of the plasmid pLKL82Y (CEN/ARS URA3 GAL1-V10p::EST2), which has the EST2 polymerase gene under the control of a mutant GAL1 promoter, GAL1-V10, that has reduced basal expression in glucose media but is strongly activated in galactose. Expression of a luciferase reporter gene from GAL1-V10p was found to be approximately 8-fold lower than expression from the wt GAL1 promoter when cells were grown in glucose media (the "off" condition) [39] .
Growth and senescence of haploid est2 cells containing pLKL82Y (strain YLKL803) were assessed initially in liquid media containing either glucose or galactose. In these assays, cells were harvested from a galactose plate, inoculated into 3% synthetic glucose liquid media at 5 × 10 4 cells/ml, and shaken overnight at 30 • C. Every 24 h afterward, aliquots of the dense overnight cultures were counted and re-inoculated into fresh media at the same starting cell titer and grown overnight (Fig. 1A) . The cells grew at a rate of ∼11 generations per day for 4-5 days after which they began to exhibit senescence, i.e., impaired growth, in which cells could not reach the same density as on previous days (Fig. 1B) . In contrast, cells propagated in 3% galactose media consistently achieved high cell titers throughout the time-course (Fig. 1B) . Galactose cultures were propagated for as long as 10 days (∼110 generations) with no indication of senescence (data not shown).
As telomeres get progressively shorter the chromosome ends are thought to become partially uncapped, resembling doublestrand break (DSB) ends, and therefore trigger DNA damage response mechanisms and growth arrest. The process is similar to the cell cycle arrest in G 2 phase observed after exposure of cells to DNA damaging agents that cause DSBs and requires some, but not all, of the same DNA damage checkpoint genes [29, 30] . Senescing yeast cells undergo G 2 arrest and become greatly enlarged, up to five times the normal size [29] , a further indicator of stress. In liquid cell cultures containing the GAL1-V10p::EST2 expression system, enlarged G 2 /M cells became prominent after the fourth day (approximately 40-50 generations) becoming >70% of all cells (Fig. 1C) . This increase was not observed in cells grown in galactose.
Survival, defined as the ability of cells to form colonies when spread onto plates, was also tested by measuring plating efficiency, which is the titer of colony-forming cells in a culture divided by the titer of cells determined by counting in a microscope using a hemacytometer. For the representative experiment shown in Fig. 1D , the percentage of cells that were able to form new colonies on glucose plates decreased sharply after 4 days. Late passage cultures (after day six) showed a slight increase in the amount of cells capable of forming colonies due to the accumulation of survivors. The timing of the appearance of such cells varied among independent cell cultures, becoming apparent on either day 7 or day 8 when cells were grown in synthetic media. These survivors are believed to arise at low frequency via an epigenetic mechanism that elevates levels of homologous recombination within telomere regions, resulting in partial stabilization of chromosome ends [38, 49] .
Telomere-initiated senescence is reversible in yeast
Previous studies have indicated that, in addition to telomere shortening, senescence is accompanied by increases in chromosome rearrangements and end-to-end fusions, as well as extensive exonucleolytic degradation of uncapped telomere ends [18, 19, 50, 51] . Many of these alterations are likely to represent irreversible, lethal events, but the precise association between senescence and cell death has remained unclear. The GAL1-V10p::EST2 system was used to distinguish between two possibilities: whether non-growing, late senescent cells become irreversibly damaged and committed to cell death or, alternatively, the cells are arrested with degraded telomeres but can resume cycling and survive if telomerase expression is turned back on. The experiment was initiated using a plate senescence assay, whereby cells were streaked onto synthetic glucose plates, grown for 3 days at 30 • C, and restreaked from individual colonies onto new plates. After each streak, the cells divide approximately 20 times and form colonies ( Fig. 2A) . The cells grow into colonies of normal size during each of the first three streaks, but do not form normal colonies on the fourth streak plate (after ≥60 generations).
In control experiments for the plate assay, YLKL803 cells (est2 cells containing pLKL82Y [GAL1-V10p::EST2 URA3]) were streaked to a glucose plate containing 0.1% 5-FOA to select for colonies that had lost the plasmid [52] . Ura − cells from these colonies were then streaked 3 more times to standard synthetic glucose plates as in Fig. 2A and demonstrated senescence kinetics identical to that shown in the figure, i.e., senescence occurred on the 4th streak after 60-65 generations, similar to previous observations of yeast senescence kinetics [29, 30] . Furthermore, est2 cells containing the GAL1-V10p::EST2 plasmid could be streaked and re-streaked onto synthetic galactose plates at least 8 times with no indication of senescence (∼160 generations; data not shown). These results demonstrate that YLKL803 undergoes typical yeast cell senescence kinetics when grown on glucose and is essentially immortal (Est + ) when grown on galactose plates.
est2 cells containing pLKL82Y were streaked three times on glucose plates except that the cells were allowed to grow an extra (fourth) day after the 3rd streak to ensure that almost all cells had halted growth. At this time cells were harvested, counted, and spread onto glucose plates and galactose plates without uracil, followed by incubation at 30 • C for 4 days. As shown in Fig. 2B , the average plating efficiency of senescent est2 cells was low on glucose (0.4%). Most colonies that did form were small in diameter. When these colonies were replica-plated to new glucose plates, most did not form colonies again (data not shown). This observation indicated that the colonies were not primarily composed of survivors, but rather were outliers of senescence, a stochastic process, that were able to undergo more cell divisions than average.
In contrast to glucose plates, plating efficiency was over 40% after transfer of senescent cells to galactose plates, corresponding to a 92-fold increase when telomerase was turned back on. This plating efficiency is more than half that of wildtype cells, which was approximately 70% on both glucose and galactose plates (Fig. 2B) . When individual colonies from the galactose plates were restreaked to fresh galactose plates, colony growth rates (diameters) were normal. Furthermore, rescued cells appeared phenotypically normal when examined by phase contrast microscopy. These results indicate that most of the senescent cells resumed cell division, formed colonies with normal growth rates, and adopted wildtype cell morphologies after reactivation of telomerase.
The use of yeast cells for these studies allowed an alternative test to be conducted to investigate the reversibility of senescence. The experiment was designed to assess whether senescent, growtharrested haploid cells containing shortened telomeres could be rescued by mating them with healthy telomerase-proficient cells to form stable diploids. Equal numbers of senescent MAT˛ est2 cells (YLKL803) harvested from glucose plates and telomerase-proficient MATa cells (YLKL701) were incubated in rich glucose (YPDA) liquid media at 30 • C. After a period of 2 h of mating, cells were aliquoted onto plates containing diploid selective media. Control matings were also performed by crossing the EST2 parent strain of YLKL803 (BY4742) with YLKL701. Wildtype MAT˛ cells formed diploids after mating with YLKL701 with 22% efficiency (Table 1 ). When late senescent cells were spread directly onto glucose plates without mating, plating efficiency was 0.7%. After mating with EST2 cells, efficiency was raised to 18% (a 26-fold increase), which is similar to the 22% mating efficiency seen with wildtype cells. These findings are in accord with the earlier results involving reactivation of EST2 expression and provide additional evidence that most cells do not become lethally damaged during senescence.
Reversibility of senescence in cells defective in homologous recombination and senescence-associated checkpoint responses
Past work has demonstrated that loss of growth potential during replicative senescence is accelerated in cells that are defective in RAD52-mediated homologous recombination (e.g., [33, 35] ). Using the plate assay, we observed faster senescence kinetics in a rad52 mutant of YLKL803, with most mutant cells halting growth after ∼40 generations, or only two plate streaks (Fig. 3A) . The ability of senescent est2 rad52 cells to be rescued by resumption of telomerase expression was assessed as before except that (a) cells were harvested from the 2nd streak plate, which had been allowed to grow for an extra (fourth) day and (b) cells were spread onto synthetic glucose and galactose plates without uracil as before, selecting for the EST2 plasmid, and were also spread onto rich, nonselective YPDA and YPGalactose plates. The latter step was added to control for possible pLKL82Y plasmid loss that might be enhanced in the rad52 mutants, potentially confounding the results. Plating efficiencies of the senescent est2 rad52 cells on both types of glucose plates were more than 100 times lower than for est2 cells, falling to 0.003% (Fig. 3B) . Reactivation of telomerase with galactose increased plating efficiencies by over 2000-fold, to approximately 8%. The rescued colonies were re-streaked to fresh galactose plates two more times and colony diameters (a measure of growth rate) were observed to be similar to normal rad52 cells; furthermore, morphology of the rescued cells appeared normal upon examination by phase contrast microscopy (not shown). The plating efficiency of stationary phase, telomerase-proficient rad52 single mutants was determined to be 44 + 17% in this strain background. Thus, reactivation of telomerase increased plating efficiency by three orders of magnitude, but did not restore viability completely to that of normal, non-senescent rad52 cells (8% vs. 44% plating efficiency). Results were essentially identical using selective and non-selective media, indicating that stability of the GAL1-V10p::EST2 plasmid in surviving cells did not affect interpretation.
Several genes required for DNA damage checkpoint responses are also involved in the senescence-associated checkpoint response, including MEC3 and RAD24 [29, 30] . est2 single mutants and est2 mutants containing mec3, rad24, or both genes inactivated exhibited similar kinetics in the plate senescence assay (Fig. 4A) . Checkpoint responses were analyzed by harvesting cells from colonies that formed on the third streak (∼60 generations), sonicating, and counting the number of G 2 /M cells microscopically. Colonies from a control EST2 strain grown similarly for 3 days at 30 • C contained 1% large-budded G 2 /M cells, but this proportion increased to 33% in senescent est2 cells (Fig. 4B) . The strong increase in G 2 /M cells in senescent versus wt cell cultures during growth on plates was reproducible, but levels were consistently lower than the 60-70% G 2 /M cells observed when senescent est2 cells were grown in liquid culture (Fig. 1C) . The difference in magnitude between cells grown on plates versus liquid media may reflect factors intrinsic to growth of cells on agar surfaces, such as nutrient deprivation and anoxia within the interior of colonies, that do not occur during liquid culture [53] . The percentage of G 2 /M cells was reduced approximately 3-fold in est2 mec3 and est2 mec3 rad24 mutants and 2-fold in est2 rad24 single mutants, consistent with previous findings (Fig. 4B) [29, 30] .
To assess the capability of senescent checkpoint mutant cells to be rescued by telomerase reactivation, est2 mec3, est2 rad24, and est2 mec3 rad24 cells were streaked to glucose plates until they had lost the capacity to continue growing as before and spread to glucose and galactose plates. As shown in Fig. 4C , approximately 0.1% of the telomerase-deficient, checkpoint mutant cells were able to form colonies when telomerase expression remained repressed on glucose plates. Thus, plating efficiency on glucose was ∼4-fold lower in the three checkpoint mutants than in cells deficient in telomerase only (est2 cells). When the senescent cells were spread to galactose media, colony formation increased 240-340-fold. Similar to est2 cells, the checkpoint mutant cells were rescued at a high rate (∼25% plating efficiency versus 40% for est2 single mutants). Thus, the absence of a strong checkpoint response caused a 4-fold decrease in survival during senescence, but a large fraction of the checkpoint mutant cells could still be rescued by reactivation of telomerase.
Rescue efficiency decreases slowly in late senescent cells
The EST2 reactivation experiments indicated that the process of senescence is largely reversible when cells are harvested shortly after most cells have stopped dividing. A plate holding experiment, analogous to liquid holding experiments employed in many DNA repair studies [54] was performed to determine if senescent cells eventually lose the ability to be rescued and if such changes occur suddenly or slowly. est2 cells were streaked again and again onto glucose plates as before for 3 streaks, or ∼60 generations, until the cells had stopped dividing and had formed well-separated colonies. Seven isolated colonies from the 3rd streak were harvested, counted, and spread to galactose plates without uracil as before to calculate rescue efficiencies. The original 3rd streak plates were then returned to 30 • C. These plates were kept in the 30 • C incubator for a total of eight days, harvesting 7 colonies every 2 days to test rescue by telomerase. As shown in Fig. 5B , the reversibility of senescence decreased slowly over time, going from 30% plating efficiency immediately after cells stopped growing to 9% after an additional 8 days of incubation at 30 • C. Checkpoint-deficient mec3 rad24 mutants showed a similar slow decline (Fig. 5C) . As a control for these experiments, colonies of wildtype cells that had grown to stationary phase over 3 days at 30 • C were also left in the incubator and plating efficiency tested every 2 days. Viabilities of the nonsenescent cells decreased slightly during the time-course, from 60% to 30%. These results suggest that senescent cells, although they are no longer dividing and have experienced stress responses and considerable DNA end degradation, remain metabolically active and lose colony-forming ability slowly, in a manner not dissimilar to that of stationary phase wildtype cells.
Chromosomes within rescued cells have short telomeres
Changes in telomere lengths during senescence and after telomerase reactivation were analyzed by Southern blotting using a telomere-specific probe to visualize end fragments in XhoI-digested chromosomal DNA [46, 55] . Using the plate senescence protocol to grow cells, DNA was harvested after ∼20 generations (1st streak), 40 generations (2nd), and 60 generations (3rd), digested and analyzed by gel electrophoresis and hybridization (Fig. 6A ). Yeast cells have 16 chromosomes, and therefore 32 separate telomeres, but only 15 bands are seen on the blot because many of the end fragments co-migrate. To assess changes in telomere lengths, the size of the lowest band in each lane was determined by performing 3 separate blots, measuring migration distances relative to the molecular weight standards in each blot, and using graphical analysis to calculate band sizes, which were averaged. The average fragment length decreased from 1100 bp to 1033, 974 and 927 bp after streaks 1, 2 and 3 ( Fig. 6B) . Thus, each end lost an average of 173 bp over ∼60 generations, or approximately half of the average size of the TG 1-3 repeat regions, which are typically 350-400 bp [31, 56] . Southern blots were next used to analyze telomere lengths in cells rescued by reactivation of telomerase (Fig. 7A) . Telomeres from 5 independent colonies of YLKL803 grown only on galactose (lanes 2-6) were compared to isolates of YLKL803 that had undergone senescence until they stopped growing and were then rescued by transfer to galactose (lanes 7-11). For these experiments, the rescued est2 cells grew into colonies on galactose plates, requiring ∼20 doublings, and were then shaken overnight in YPGalactose liquid media, conditions that permitted ∼10 additional generations of growth (30 total) . The liquid cultures were performed in order to obtain sufficient DNA for the Southern blots. Interestingly, telomere lengths were not restored to normal in the rescued cells, which had grown for ∼30 cell cycles with telomerase turned on (Fig. 7A) . The average length for the lowest telomere band after this period of growth was only 1008 bp, compared to 1105 bp for EST2 control cells (Fig. 7B) . These results indicate that, although the rescued cells exhibited normal growth rates (based on average colony diameters on plates and growth rates in liquid culture) and appeared normal morphologically, their telomeres remained approximately 100 bp shorter than those of wildtype cells. Colonies on the initial galactose plates were re-streaked to fresh galactose plates and incubated until new colonies formed (corresponding to ∼40 generations of growth on the two plates) and were then grown overnight in liquid as before (50 generations total). Average telomere fragment lengths increased to 1038 bp (Fig. 7B) . Repeating this process once again, resulting in 70 generations of growth in the presence of telomerase, brought telomere lengths up to 1081 + 37 bp, which is not statistically different than the 1105 + 7 bp determined for wildtype cell DNA run on the same gels (Fig. 7B ). These results demonstrate that senescent cells rescued by telomerase begin to exhibit normal growth and morphological characteristics even though their telomeres are >100 bp shorter than those of wildtype cells. Restoration of telomere lengths back to wildtype size required ∼70 cell doublings (or S phases) with telomerase expression reactivated.
Discussion
In the current study, the fates of cells undergoing senescence were investigated by placing expression of the EST2 polymerase subunit under control of a modified galactose-inducible promoter (GAL1-V10) that allowed precise modulation of telomerase expression.
These experiments revealed that most senescent cells, though they had stopped dividing, were greatly enlarged and contained degraded telomeres, could be rescued by reactivation of telomerase. The efficiency of rescue by telomerase reactivation was high immediately after cells reached late senescence and declined only slowly with time. The results demonstrated that most senescing cells had not accumulated lethal DNA lesions. In further support of this conclusion, haploid senescent cells could also be rescued by mating to telomerase-proficient cells to form diploid strains, with mating efficiencies similar to that of normal haploid cells.
Checkpoint response-deficient est2 cells exhibited normal senescence kinetics even though G 2 -arrest, which increases opportunities for repair of damaged DNA, was impaired. This result is in accord with previous observations [29, 30] . A large fraction of the senescent checkpoint-defective cells could be rescued by restoration of telomerase expression (∼25% compared to 40% for est2 single mutants), indicating that they had not accumulated lethal DNA lesions that committed them to cell death. Growth and subsequent replicative senescence of cultured human cells was originally divided into phases I, II and III by Hayflick [6, 57] . Phase III was defined as the stage when cells stop dividing but remain metabolically active and viable for an extended period of time. Shay and Wright referred to this period as M1. Stable ectopic expression of the catalytic subunit of human telomerase (hTERT) overcomes senescence when it is expressed prior to or during M1 phase [22] . Checkpoint-deficient human cells (e.g., cells with p53 inactivated) continue dividing beyond the normal senescence period (proceeding into M2), display increased recombination events and multiple types of chromosomal DNA aberrations, and undergo cell death [22] . Although M1 appears to have similar characteristics in yeast and human cells, the efficient rescue of yeast checkpoint mutants by telomerase reactivation is inconsistent with an M2-equivalent period in these cells. est2 rad52 mutants exhibited rapid senescence kinetics, halting growth after ∼40 generations versus ∼60 for est2 cells, and displayed much lower plating efficiencies on glucose (0.003% vs. 0.5%). Reactivation of telomerase by transfer of cells to galactose media increased the plating efficiency of est2 rad52 cells by 3 orders of magnitude, but the overall efficiency remained 5-fold lower than that of normal, non-senescent rad52 cells (8% vs. 40%). These results indicate that, in contrast to est2 cells, a large fraction of the senescent est2 rad52 cells had become irreversibly growtharrested during senescence. This finding adds further support to the idea that homologous recombination proteins prolong survival during senescence by promoting repair/stabilization of telomeric DNA ends [28, [33] [34] [35] . These ends become shortened, partially uncapped, and resected by nucleases such as Exo1 and therefore are likely to generate recombinogenic structures [19] . Interestingly, no survivors were ever detected among est2 rad52 cells containing the GAL1-V10p::EST2 plasmid grown in either glucose liquid culture-or plate-based senescence assays. This observation is consistent with previous findings [28, 33] and also indicates that mutations within the ∼650 bp GAL1-V10 promoter on the plasmid, potentially leading to leaky expression of EST2 in glucose media, occurred at low frequencies undetectable in the assays.
Interestingly, est2 cells rescued by resumption of telomerase expression on galactose plates displayed normal growth rates, but chromosomal DNA purified from the colonies retained short telomeres. Thus, after 30 generations of growth with telomerase reactivated, telomeres in the rescued cells were still shorter than normal by approximately 100 bp. Restoration of the shortened telomeres back to normal lengths required propagation of the rescued cells for ∼70 generations in the presence of telomerase. This finding is consistent with past reports indicating that telomerase extends only a few base-pairs per generation in yeast cells [58] . Observation that the cells were phenotypically normal though their telomeres were short is not unprecedented: several yeast mutants have been identified that have shortened telomeres but do not exhibit obvious growth or cytological abnormalities [59, 60] .
Past studies in both yeast and human cells have indicated that the presence of telomerase in cells, even if it is catalytically impaired, can stabilize critically short telomeres [61] . Thus, reactivated telomerase may perform two separate functions in the rescued cells: protection of the shortened telomere ends from further degradation, with potential alleviation of the DNA damage checkpoint arrest response, as well as extension of the telomeres by several nucleotides during each cell cycle.
The molecular changes that ultimately lead to the death of cells undergoing replicative senescence are not known, though several mechanisms have been suggested. Proposed models include the possibilities that (i) uncapped, reactive DNA ends may promote lethal chromosome rearrangements such as end-to-end fusions, which have been detected in DNA of senescent cells, (ii) chromosomes may lose essential genetic information due to shortening and 5 -to-3 exonuclease degradation at uncapped ends, (iii) aneuploidy (chromosome loss or gain) may decrease cellular fitness, or (iv) senescence may initiate an apoptosis-like commitment to cell death [15, 18, 19, 50, 51, [61] [62] [63] . Several studies have also pointed to the importance of strand breaks induced in telomeric DNA by oxidation and these findings must also be incorporated into proposed models of telomere-initiated senescence [21, [64] [65] [66] [67] .
Greider and colleagues [18, 19] demonstrated that chromosome loss rates and mutations within telomere-proximal genes, caused primarily by terminal chromosomal DNA deletions, are increased during yeast cell senescence. Although such events were increased, they remained rare, and were largely dependent upon the presence of the nucleases Exo1 and Rad1. Based on these results, the authors posited that exonucleolytic end resection is the major mechanism causing chromosome instability during telomere shortening [18, 19] . Our experiments demonstrating that most yeast cells can be rescued efficiently by telomerase reactivation, during and long after cells have reached senescence, is in accord with their observation that such potentially lethal mutations and chromosome loss events occur in only a small fraction of the cells.
A model that is consistent with our observations and with those cited above is that replicative senescence involves two classes of events: (i) nonlethal changes that occur at most or all chromosome ends in the cell and are largely reversible upon reactivation of telomerase expression; these phenomena potentially include telomere shortening due to lack of end-replication by telomerase, partial loss of cap proteins, ssDNA resection by exonucleases, and activation of DNA damage checkpoint responses and (ii) lethal telomere shortening-induced events that initiate at one or more DNA ends in only a small percentage of cells. The latter events are likely to include end-to-end fusions, recombination-induced genome rearrangements, chromosome loss events and various types of mutations, especially large terminal deletions. The nonlethal changes described above are undoubtedly only a partial list. For example, shortened telomeres exhibit changes in their localization and interactions with nuclear pore complexes [35] and modifications in telomere-associated structures such as T-loops and G-quadruplexes remain unexplored.
The major conclusion of the current work, that cellular senescence is largely reversible by reactivation of telomerase, has implications for higher eukaryotes since cells with characteristics similar to senescent cells have been detected in aged animals [21, 26, 27] . It is not clear whether such senescent cells have been permanently altered or if they might be induced to regain youthful characteristics by transient or long-term expression of telomerase. Interestingly, constant high-level expression of telomerase has been found to increase median lifespans in transgenic mice [11] . In addition, a recent study demonstrated that short-term telomerase reactivation in telomerase-deficient mice can reverse several measures of tissue atrophy without promoting carcinogenesis [68] . It is possible that the constitutive or temporary production of telomerase in these animals exerts its beneficial effects, in part, by preventing and/or reversing accumulation of senescent cells within critical tissues and organs.
